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ABSTRACT - E l e c t r o n  spin-echo modu la t ion  i s  used t o  s tudy  t h e  nuc lea r  
environment around a n i t r o x i d e  mo ie ty  l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  on a 
s t e a r i c  a c i d  a l k y l  cba in  embedded i n  i o n i c  and non ion ic  m i c e l l e s .  By 
u s i n g  deuter ium as nuc lea r  l a b e l s  t h e  i n t e r f a c e  and i n t e r n a l  s t r u c t u r e  o f  
m i c e l l e s  can be probed. The conformat ion  o f  t h e  n i t r o x i d e  probe and su r -  
f a c t a n t  molecules i s  determined as i s  t h e  degree o f  wa te r  p e n e t r a t i o n  i n t o  
t h e  m i c e l l e .  

INTRODUCTION 

N i t r o x i d e  m o i e t i e s  a t tached  t o  s u r f a c t a n t  molecules a t  d i f f e r e n t  p o s i t i o n s  a long t h e  a1 k y l  
cha in  have been used t o  probe t h e  i n t e r n a l  and i n t e r f a c e  s t r u c t u r e  o f  o rgan ized mo lecu la r  
assembl ies such as m i c e l l e s ,  v e s i c l e s  and b i l a y e r  membranes. 
s tud ies  t h e  e l e c t r o n  s p i n  resonance spectrum o f  t h e  n i t r o x i d e  has been analyzed i n  terms o f  
i t s  c o r r e l a t i o n  t i m e  and i t s  l i neshape  i n  o rde r  t o  say something about t h e  l o c a l  dynamics o f  
t h e  environment of t h e  n i t r o x i d e  probe. A d i f f e r e n t  method which i s  somewhat compl imentary 
and which g i ves  d i r e c t  s t r u c t u r a l  i n fo rma t ion  i s  t o  measure weak d i p o l a r  h y p e r f i n e  i n t e r a c -  
t i o n s  between t h e  unpa i red  e l e c t r o n  o f  t h e  n i t r o x i d e  and n u c l e i  a t  t h e  i n t e r f a c e  and/or a t  
s p e c i f i c a l l y  l a b e l l e d  p a r t s  of t h e  su r fac tan t  molecules forming such organ ized assembl ies.  
To measure such weak nuc lea r  i n t e r a c t i o n s  e l e c t r o n  spin-echo modu la t ion  (ESEM) s t u d i e s  have 
proved t o  be p a r t i c u l a r l y  use fu l ,  

I n  t h e  m a j o r i t y  o f  these 

ESEM 

E l e c t r o n  s p i n  ecboes a r e  generated i n  pu l sed  ESR ( e l e c t r o n  s p i n  resonance) i n  response t o  
s u i t a b l e  resonant  pu l se  sequences ( r e f .  1). The pu lse  sequences r e o r i e n t  t h e  magnet ic d i -  
po les  such t h a t  they  dephase and then  rephase i n  response t o  a l l  t ime-dependent magnet ic 
i n t e r a c t i o n s  i n  t h e  system; t h e  rephas ing  of t h e  magnet ic d i p o l e s  t o  reform t h e  macroscopic 
magnet ic moment c o n s t i t u t e s  t h e  echo. The echo thus  measures t h e  n e t  magne t i za t i on  o f  t h e  
s p i n  system a t  a g i ven  t ime .  The s imp les t  t y p e  o f  pu l se  sequence c o n s i s t s  o f  a 90' p u l s e  
fo l lowed by a 180" pu lse .  The 90" pu l se  n e a r l y  i ns tan taneous ly  o r i e n t s  t h e  va r ious  e l e c t r o n  
sp ins  i n c l u d i n g  those i n  d i f f e r e n t  nuc lea r  environments a long  one a x i s  i n  t h e  xy p lane pe r -  
pend icu la r  t o  t h e  e x t e r n a l l y  a p p l i e d  magnet ic f i e l d  d i r e c t i o n  a long  t h e  z -ax i s .  
va r ious  sp ins  then precess a p a r t  i n  t h e  xy  p lane a t  s l i g h t l y  d i f f e r e n t  r a t e s  depending on 
t h e i r  va r ious  nuc lea r  environments o r  Other magnet ic i n t e r a c t i o n s .  A f t e r  a t ime  T, a 180' 
pu l se  i s  a p p l i e d  which r e o r i e n t s  t h e  sp ins  i n  t h e  xy p lane so t h a t  t hey  now precess toward 
one another .  A f t e r  a second t ime  T, t hey  rephase and coalesce t o  fo rm a b u r s t  o f  microwave 
energy c a l l e d  an echo. An a c t u a l  exper iment i s  done by v a r y i n g  t h e  t ime  between t h e  pu lses  
t o  produce success ive  echoes. The echo ampl i tude decreases w i t h  i n c r e a s i n g  i n t e r p u l s e  t i m e  
because of  t ransve rse  r e l a x a t i o n  processes, The echo i n t e n s i t y  i s  measured as a f u n c t i o n  o f  
i n t e r p u l s e  t ime  and if magnet ic n u c l e i  a r e  w i t h i n  about 0.2 - 0.6 nm f rom t h e  unpa i red  e l e c -  
t r o n  t h e  echo i n t e n s i t y  w i l l  t y  i c a l l y  be modulated. Th is  modu la t i on  i s  p r i m a r i l y  a f u n c t i o n  
of t h e  number and d i s t a n c e  o f  t t e  c l o s e s t  sur round ing  magnet ic n u c l e i .  

To app ly  ESEM t o  m i c e l l e  systems which have a complex s t r u c t u r e  t h e  modu la t ion  depth  i s  
analyzed s e m i q u a n t i t a t i v e l y .  
l o c a l i z e d  a t  some p o s i t i o n  i n  t h e  su r fac tan t  system. The normal ized  deuter ium modu la t ion  
de t h  i s  de f ined as t h e  depth  of t h e  f i r s t  modu la t ion  minimum r e l a t i v e  t o  t h e  unmodulated 
e c l o  i n t e n s i t y  d i v i d e d  by t h e  depth  t o  t h e  base l i ne .  Th is  normal ized  modu la t i on  depth  i s  a 
v e r y  r e p r o d u c i b l e  parameter f o r  comparing t h e  e x t e n t  o f  i n t e r a c t i o n  w i t h  d e u t e r i u m  a t  
va r ious  l o c a t i o n s  w i t h i n  s u r f a c t a n t  systems, Since t h e  number o f  i n t e r a c t i n g  deuter iums i n  
such complex systems i s  t y p i c a l l y  l a r g e ,  changes i n  t h e  modu la t ion  depth  a r e  p r i m a r i l y  i n t e r -  
p r e t e d  as changes i n  t h e  d i s t a n c e  t o  t h e  i n t e r a c t i n g  d e u t e r i u m .  

These 

T y p i c a l l y ,  deuter ium modu la t ion  i s  observed f rom deuter ium 
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Since t h e  ESE modu la t ion  a r i s e s  f rom a d i p o l a r  i n t e r a c t i o n  i t  i s  averaged o u t  by r a p i d  
molecu la r  t umb l ing  i n  l i q u i d  s o l u t i o n  and consequent ly can o n l y  be observed i n  r a p i d l y  f r o -  
zen s o l u t i o n s .  Many i o n  and atom s o l v a t i o n  s t u d i e s  have been c a r r i e d  o u t  i n  r a p i d l y  f r o z e n  
aqueous s o l u t i o n s  and have showq c o n s i s t e n t l y  t h e  r e t e n t i o n  of  a s o l v a t i o n  s h e l l  i n  r a p i d l y  
f rozen s o l u t i o n s  ( r e f .  2 ) .  I n  m i c e l l a r  systems severa l  s p e c i f i c  exper iments i n d i c a t e  t h a t  
t h e  m i c e l l a r  sb ruc tu re  i s  r e t a i n e d  i n  r a p i d l y  f rozen  aqueous s o l u t i o n s .  (1) 
t h e  l i f e t i m e  o f  photogenerated te t ramethy lbenz id ine  c a t i o n  ( r e f .  3 ) :  I n  b u l k  s o l u t i o n  t h e  
l i f e t i m e  o f  t h i s  c a t i o n  i s  a few microseconds whereas i n  m i c e l l a r  l i q u i d  s o l u t i o n s  i t  i s  of  
t h e  o r d e r  o f  m inu tes .  
r a p i d l y  f rozen  and then thawed, t h e  c a t i o n  i s  s t i l l  v i s i b l e  by e l e c t r o n  s p i n  resonance i n -  
d i c a t i n g  t h a t  t h e  m i c e l l a r  s t r u c t u r e  has been r e t a i n e d  i n  t h e  f r e e z i n g  and thawing  process. 
( 2 )  
c e l l e s  and v e s i c l e s  ( r e f .  4 ) .  Since v e s i c l e s  a re  much l e s s  dynamic and a r e  more ordered 
s t r u c t u r e s  than  a r e  m i c e l l e s ,  one would expect t h a t  t h e  v e s i c u l a r  s t r u c t u r e  would be r e -  
t a i n e d  on r a p i d  f r e e z i n g  t o  a g r e a t e r  degree than t h e  m i c e l l a r  s t r u c t u r e .  Since analogous 
and rep roduc ib le  r e s u l t s  a re  ob ta ined  f o r  exper iments i n  b o t h  media t h i s  su ges ts  t h a t  t h e  
m i c e l l a r  s t r u c t u r e  i s  r e t a i n e d  upon r a p i d  f r e e z i n g  o f  aqueous s o l u t i o n s .  (37 A t h i r d  i n d i -  
c a t i o n  i s  t h a t  s i m i l a r  aggregat ion  numbers f o r  sodium dodecyl s u l f a t e  m i c e l l e s  a r e  measured 
i n  l i q u i d  and f rozen  s o l u t i o n s  by luminescence quenching ( r e f .  5 ) .  
of t h e  s i z e  of t h e  m i c e l l e  t h a t  i s  r e t a i n e d  i n  bo th  l i q u i d  and f rozen  s o l u t i o n s .  
f o u r t h  i n d i c a t i o n  i s  t h a t  B a g l i o n i  e t  a l .  ( r e f s .  6-8) have measured t h e  p a r t i t i o n  c o e f f i -  
c i e n t  f o r  severa l  a l c o h o l s  and crown e the rs  i n  f r o z e n  sodium d o d e c y l s u l f a t e  m i c e l l a r  s o l u -  
t i o n s  and have found values i n  good agreement w i t h  those ob ta ined  by NMR a t  room temperature 
( r e f .  9 ) .  
s i ons  i s  r e t a i n e d  upon f r e e z i n g  comes f rom f reeze f r a c t u r e  e l e c t r o n  microscopy and f rom t h e  
method of d i r e c t  imaging ( r e f s .  10-15). 

One evidence is 

I f  t h e  c a t i o n  i s  generated i n  l i q u i d  m i c e l l a r  s o l u t i o n  and t h a t  i s  

Analogous r e s u l t s  a r e  ob ta ined  f o r  t e t ramethy lbenz id ine  c a t i o n  photogenerated i n  m i -  

Th i s  is a d i r e c t  measure 
(4 )  A 

( 5 )  Fu r the r  evidence t h a t  t h e  s t r u c t u r e  o f  m i c e l l e s ,  v e s i c l e s  and microemul-  

IONIC MICELLES 

The x - d o x y l s t e a r i c  ac ids  have tu rned  o u t  t o  be u s e f u l  s p i n  probes i n  m i c e l l a r  systems. 
These probes have t h e  f o l l o w i n g  s t r u c t u r e s ,  HOOC(CH~)x-~-(doxyl)-(CH~)~~~xCH~ where t h e  

1 

doxy l  group i s  a f i v e  membered r i n g  > t-NO-C(CH3)2-CH20, where t h e  p o s i t i o n  o f  t h e  doxy l  
group can be v a r i e d  a long  t h e  s t e a r i c  a c i d  cha in  and i s  denoted by x. F igu re  1 shows t h e  
t ype  of ESEM da ta  t h a t  a re  ob ta ined  i n  m i c e l l a r  systems by u s i n g  a 5 - d o x y l s t e a r i c  a c i d  probe 
i n  tetramethylammonium dodecy lsu l fa te  (TMAOS) m i c e l l e s .  I n  t h e  p r o t i a t e d  system, o n l y  s h a l -  
l o w  p ro ton  modu la t ion  i s  observed b u t  when t h e  tetramethylammonium c h l o r i d e  coun te r ion  i s  
deu te ra ted  (TMADS-d 2 )  deeper modu la t ion  a t  t h e  frequency c h a r a c t e r i s t i c  o f  deuter ium i n -  
t e r a c t i o n s  i s  c l e a r f y  observed. The normal ized  deuter ium modu la t ion  depth  i s  d e f i n e d  as a/b 
as shown i n  F ig .  1. F igu re  2 shows t h e  normal ized  modu la t i on  depth  i n  t h e  TMADS-dl2 system, 
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F ig .  1. Two pu lse  e l e c t r o n  s p i n  
echo decay envelopes a t  4.2 K 
o f  5 - d o x y l s t e a r i c  a c i d  probe 
i n  TMADS m i c e l l a r  s o l u t i o n s .  
The base l i nes  have been o f f s e t  
v e r t i c a l l y  t o  a v o i d  ove r lap .  
The normal ized  modu la t ion  
depth i s  a l b .  From r e f .  16. 

where t h e  tetramethylammonium group has been deutera ted ,  as a f u n c t i o n  o f  t h e  doxy l  p o s i t i o n  
x ( r e f .  1 6 ) ,  As x inc reases  t h e  doxy l  group i s  moved f u r t h e r  from t h e  p o l a r  headgroup of  
t h e  s p i n  probe and would be expected t o  correspond t o  a decrease i n  t h e  modu la t ion  depth  f o r  
a coun te r ion  l o c a t e d  a t  t h e  surface o f  t h e  m i c e l l e ,  Th is  i s  indeed observed from x = 5 t o  
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0.40 

0.30 

10 b u t  a t  h ighe r  x values t h e  modu la t ion  depth  inc reases  aga in .  
doxy l  probe bends near x = 10 t o  12  on t h e  average and t h a t  i t s  t a i l  can probe t h e  m i c e l l a r  
surface. 
i n  some cases. Very s i m i l a r  r e s u l t s  a r e  ob ta ined  f o r  TMADS i n  D20 wh ich  i n d i c a t e s  t h a t  t h e  
deutera ted  water  i s  l o c a l i z e d  a t  t h e  m i c e l l a r  i n t e r f a c e  and does n o t  pene t ra te  s i g n i f i -  
c a n t l y  i n t o  t h e  m i c e l l e .  

Th is  i n d i c a t e s  t h a t  t h e  

Th is  i m p l i e s  t h a t  t h e  doxy l  probe has some gauche l i n k s  and i s  rough ly  U-shaped 
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F ig .  2. The dependence o f  t h e  normal ized  deuter ium a iodu la t ion  depth  on 
t h e  doxy l  g r o u p  p o s i t i o n  i n  s t e a r i c  a c i d  s p i n  probes f o r  TMADS-d12 
m i c e l l a r  s o l u t i o n .  From r e f .  16. 

By s p e c i f i c a l l y  d e u t e r a t i n g  t h e  te rm ina l  methyl  group o f  t h e  d o d e c y l s u l f a t e  a l k y l  cha in  and 
us ing  a s e r i e s  of x - d o x y l s t e a r i c  a c i d  probes i t  i s  p o s s i b l e  t o  determine i n f o r m a t i o n  about 
t h e  average conformat ion o f  t h e  s u r f a c t a n t  cha ins  o f  t h e  s u r f a c t a n t  w i t h i n  t h e  m i c e l l a r  
s t r u c t u r e  ( r e f s ,  17,181. 
i n t e r f a c e  and i n t e r n a l  s t r u c t u r e ,  Comparison of sodium dodecy lsu l fa te  m i c e l l e s  w i t h  
l i t h i u m  dodecy lsu l fa te  m i c e l l e s  shows t h a t  t h e  s u r f a c t a n t  molecules a r e  much more extended 
i n  t h e  sodium dodecy lsu l fa te  m i c e l l e s .  
i n t e r f a c e  r e g i o n  i n  l i t h i u m  b u t  n o t  i n  sodium d o d e c y l s u l f a t e  m i c e l l e s .  The TMADS m i c e l l e s  
behave ve ry  s i m i l a r l y  t o  t h e  l i t h i u m  d o d e c y l s u l f a t e  m i c e l l e s  and have a q u i t e  d i s t i n c t l y  
d i f f e r e n t  i n t e r f a c e  and i n t e r n a l  s t r u c t u r e  than  t h e  sodium d o d e c y l s u l f a t e .  

The e f f e c t s  of added cosu r fac tan ts  such as a l c o h o l s  w i t h  v a r y i n g  a l k y l  cha in  l e n g t h s  ( r e f s .  
6,19) and of crown e the rs  t o  complex t h e  coun te r ion  assoc ia ted  wi th m i c e l l e s  ( re fs ,  7,8) 
can a l s o  be s t u d i e d  by ESEM and n i t r o x i d e  probe methods t o  exp lo re  how these f a c t o r s  i n -  
f luence t h e  i n t e r f a c e  s t r u c t u r e  o f  such organ ized mo lecu la r  assembl ies.  

It i s  found t h a t  t h e  coun te r ion  has a s t r o n g  e f f e c t  on t h e  m i c e l l a r  

A lso  wa te r  pene t ra tes  more s i g n i f i c a n t l y  i n t o  t h e  

NONlONlC MICELLES 

An impor tan t  c l a s s  o f  non ion i c  m i c e l l e s  i s  composed of o l i go (oxye thy1ene)  a1 k y l  s u r f a c t a n t s  
which a r e  more commonly c a l l e d  po lye thy lene  ox ide  su r fac tan ts ,  
a l k y l  cha in  t y p i c a l l y  8 - 12 carbons i n  l e n g t h  a t tached  t o  a more p o l a r  e thy lene  ox ide  
cha in  t y p i c a l l y  6 - 8 carbons i n  l eng th ,  
if one cons iders  i t  t o  i n c l u d e  a l l  o f  t h e  e thy lene  ox ide  l i nkages .  The n i t r o x i d e  probe 
method combined w i t h  ESEM can be used t o  exp lo re  t h e  e x t e n t  of wa te r  p e n e t r a t i o n  i n t o  t h i s  
e thy lene  ox ide  r e g i o n  as w e l l  as t o  revea l  o t h e r  aspects o f  t h e  i n t e r f a c e  and i n t e r n a l  
s t r u c t u r e  of non ion i c  mice1 l e s ,  

The s t r u c t u r e  of n o n i o n i c  m i c e l l e s  was exp lo red  by l o c a l i z i n g  deuter ium i n  t h r e e  d i f f e r e n t  
reg ions  w i t h i n  t h e  m i c e l l a r  s t r u c t u r e  ( r e f ,  20) ,  One r e g i o n  has deuter ium l o c a l i z e d  i n  t h e  
a l k y l  co re  r e g i o n  by d e u t e r a t i n g  t h e  a l k y l  cha in ,  The second r e g i o n  has deuter ium i n  t h e  
e thy lene  ox ide  r e g i o n  by d e u t e r a t i n g  t h e  carbons i n  the e thy lene  ox ide  cha in  and t h e  f i n a l  
r e g i o n  i s  t h e  e x t e r n a l  i n t e r f a c e  which i s  " l abe led "  w i t h  deu te ra ted  water ,  F iqu re  3 shows 
t h e  echo i n t e n s i t y  versus i n t e r p u l s e  t i m e  fo r  5 - d o x y l s t e a r i c  a c i d  probes i n  
non ion i c  m i c e l l e s  composed of  hexak is  (e thy leneg lyco l  )monododecyl e t h e r  (CI2E6) i n  wh ich  

These a r e  composed o f  an 

Thus t h e  p o l a r  i n t e r f a c e  r e g i o n  i s  q u i t e  ex tens i ve  
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deuterium i s  local ized in  water ,  in  the  ethylene oxide chain (C12D6) and in  the  alkyl  chain 
( CD) azE63 

Fig. 3. Two-pulse e lectron spin. 
echo decay envelopes a t  4.2 K 
f o r  5-doxylstearic acid in  
C12D6/H2Oy (CD)12E6/H2OY and 
C12Eg/D20. The spectral  base 
l i n e s  have been o f f s e t  
v e r t i c a l l y  t o  avoid overlap. 
From r e f .  20. 

I t  can be readi ly  seen t h a t  the  degree of deuterium modulation i s  q u i t e  d i f f e r e n t  f o r  deu- 
terium local ized in  these three d i f f e r e n t  posit6ons. 
modulation i s  q u i t e  weak when the  deuterium i s  located in  the water which indicates  t h a t  
the water does not penetrate  very s i g n i f i c a n t l y  even i n t o  the ethylene oxide region of the 
nonionic micel le .  
of the  x-doxy1 posi t ion f o r  deuterium located in  the  ethylene oxide region and f o r  deu- 
terium located i n  the alkyl region of the sur fac tan t  molecules. 

I t  i s  most obvious t h a t  the  deuterium 

Figure 4 shows the normalized deuterium modulation depth a s  a function 

The shapes of these curves 

X-DSA/C,D,/(CD),E,/H,O 

5 7  10 12 16 
DOXYL POSITION, , X 

Fig. 4.  Dependence of the  normalized deuterium modulation depth with the  
posi t ion of the doxy1 group, x ,  in  x-doxylstearic acid spin probes in  
(CD) 12E6/H20 and C12D6/ H20 mi cel l e s  , From r e f .  20. 

ind ica te  t h a t  the  x-doxylstearic acids  a r e  bent i n  these nonionic micel les  a s  they a r e  in  
the  ionic  dodecylsulfate micel les  with l i thium and tetramethylammonium as  counterions. 
However the  bending i s  not nearly a s  dramatic a s  in  the ion ic  micel les .  Secondly, i t  i s  
c l e a r  t h a t  the x-doxylstearic acids  "see" deuterium in both the  alkyl and ethylene oxide 
regions. Model simulations of the deuterium modulation show t h a t  l i t t l e  i f  any modulation 
would be observed f o r  dis tances  between the  unpaired electron on ni t roxide and the deu- 
terium of grea te r  than 0.6 nanometers so this gives some dis tance sca le  f o r  the  regions 
t h a t  a re  being inves t iga ted ,  The symmetrically inverse shapes in  Figure 4 f o r  the deuter- 
ated alkyl versus the deuterated ethylene oxide curves are a l s o  cons is ten t  with the  d i f f -  
f e n t  deuterated portions of the  sur fac tan t  molecules being separated a s  expected from small 
angle neutron s c a t t e r i n g  experiments ( r e f s ,  21 - 23 ) .  

An analysis  of the  deuterium modulation depth with 7-doxylstearic acid in C12D6 and 
(CD)12E6 allows determination of the average probe locat ion in  the  micel le .  
modulation i s  s l i g h t l y  grea te r  f o r  the probe in  C12D than i n  (CD)12E . 
the  probe i s  located i n  the  ethylene oxide region. &ch there  i s  eviience t h a t  the surfac-  
t a n t  alkyl chains do not penetrate  in to  the  ethylene oxide region ( r e f s .  21-23), the  values 

The deuterium 
This indicates  t h a t  
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o f  t h e  deuter ium modu la t ion  found f o r  7 - d o x y l s t e a r i c  a c i d  i n  (CD) 2E6 and C 2D means t h a t  
t h e  probe sees a s l i g h t l y  g r e a t e r  number of  d e u t e r i u m  i n  C12D6 t k a n  i n  ( C D I & ,  m i c e l l e s .  
Th is  , imp l ies  t h a t  t h e  n i t r o x i d e  i s  l o c a t e d  i n  t h e  e thy lene  ox ide  r e g i o n  ve ry  near  t o  t h e  
bo rde r  between t h e  a l k y l  core  and t h e  e thy lene  ox ide  reg ion .  However, these two reg ions  
have a d i f f e r e n t  deuter ium e n s i t y ,  w i t h  an average deuter ium volume o f  about 0.014 nm3 i n  

s imp le  geometry t h a t  t o  o b t a i n  t h e  same deuter ium modu la t ion  f rom t h e  co re  and t h e  o u t e r  
s h e l l  a probe must be l o c a t e d  about 0.1 nm i n t o  t h e  e thy lene  ox ide  r e g i o n  f rom t h e  a l k y l  
core .  Since t h e  7-doxy1 probe exper iences s l i g h t l y  h i g h e r  deuter ium modu la t i on  f o r  C $6 
w i t h  respec t  t o  (CD)12E6 m i c e l l e s  we can conclude t h a t  t h e  7-doxy1 probe i s  l o c a t e d  about  
0.1 - 0.2 nm f rom t h e  a l k y l  co re  i n t o  t h e  e thy lene  ox ide  reg ion .  Wi th  s i m i l a r  reason ing  t o -  
ge the r  w i t h  t h e  geometry o f  t h e  s t e a r i c  a c i d  cha in  a schematic d rawing  o f  a c ross  s e c t i o n  o f  
a C12Ehmice l le  showing a probab le  conformat ion  and l o c a t i o n  
molecu le  i s  Bhown i n  F igu re  5. 

t h e  a l k y l  core  and 0.017 nm 4 i n  t h e  e t b l e n e  o x i d e  r e g i o n  ( r e f s .  22,23). It f o l l o w s  f rom 

o f  an x - d o x y l s t e a r i c  a c i d  

F ig .  5. Schematic drawing o f  a 
c ross  s e c t i o n  o f  a C12E6 m i c e l l e  
showing a probab le  conformat ion  
o f  an x - d o x y l s t e a r i c  a c i d  mole- 
c u l e  and i t s  average l o c a t i o n  
w i t h i n  t h e  m i c e l l e .  The doxy1 

cha in  i s  i n d i c a t e d  by t h e  c o r -  
responding number. From r e f .  20. 

Fk ""\, 
10 \\ group i s  n o t  shown, and i t s  

\, 16 ! p o s i t i o n  a long t h e  s t e a r i c  a c i d  
\ HEADGROUPS 
-I 

CORE t 

I 1.1 nm J 

VESICLES 

S i m i l a r  n i t r o x i d e  probe exper iments combined w i t h  ESEM have been c a r r i e d  o u t  w i t h  v e s i c l e s  
( r e f .  2 4 ) .  
i n v e s t i g a t e d ,  
an extended probe conformat ion s i m i l a r  t o  what i s  seen i n  sodium d o d e c y l s u l f a t e  m i c e l l e s .  
The e f fec t  of added c h o l e s t e r o l  t o  DPPC v e s i c l e s  inc reases  t h e  h y d r a t i o n  o f  t h e  i n t e r f a c e  
( re f ,  19) .  
s t e a r i c  a c i d  probe increases  s i g n i f i c a n t l y  w i t h  t h e  mole r a t i o  o f  c h o l e s t e r o l .  
DODAC v e s i c l e s  t h e  normal ized  deuter ium modu la t ion  depth  i s  g r e a t e r  than i n  DPPC v e s i c l e s  
i n d i c a t i n g  g r e a t e r  i n t e r f a c e  h y d r a t i o n  than i n  z w i t t e r o n i c  DPPC v e s i c l e s .  
s t e a r i c  a c i d  probes show a deuter ium modu la t ion  depth  t r e n d  as i n  F igu re  2 i n d i c a t i n g  t h a t  
they  a r e  bent  i n  DODAC i n  c o n t r a s t  t o  DPPC v e s i c l e s .  
DPPC v e s i c l e s  inc reases  t h e i r  i n t e r f a c e  hyd ra t i on .  
t e r f a c e  h y d r a t i o n  o f  DPPC v e s i c l e s  i s  s i m i l a r  t o  t h a t  o f  DODAC v e s i c l e s .  

Phospho l i p id  and dioctadecyldimethylammonium c h l o r i d e  (DODAC) v e s i c l e s  have been 
I n  d i p a l m i  toy1  phospha t idy l cho l  i n e  (DPPC) v e s i c l e s  t h e  d o x y l s t e a r i c  a c i d s  have 

Th is  i s  shown i n  F igu re  6 where t h e  deuter ium modu la t i on  depth  o f  t h e  5-doxyl-  
I n  c a t i o n i c  

A l so  t h e  x -doxy l -  

W i th  20 mole percent  c h o l e s t e r o l  t h e  i n -  
However t h i s  seems 

As s t a t e d  above, added c h o l e s t e r o l  t o  

F i g .  6. Dependence o f  t h e  
normal i zed d e u t e r i  um mod- 
u l a t i o n  depth  on t h e  molar  
r a t i o  o f  c h o l e s t e r o l  i n -  
co rpo ra ted  i n t o  DPPC ves- 
i c l e s  f o r  5 - d o x y l s t e a r i c  
a c i d  s p i n  probe. From 
r e f .  24. 

0 1 0 2 0 3 0 4 0  
% MOLE RATIO 

OFCHOLESTEROL 



280 L. KEVAN AND P. BAGLlONl 

t o  be p r i m a r i l y  an i n t e f f a c e  e f f e c t  and n o t  an i n t e r n a l  e f f e c t  on t h e  v e s i c l e  because t h e  
d o x y l s t e a r i c  a c i d  probes s t i l l  show no bending i n  DPPC v e s i c l e s  as  t h e y  do i n  DODAC v e s i c l e s .  
Th is  behav io r  i s  a c o n t r a s t  t o  what i s  observed i n  m i c e l l a r  systems. 

The exper iments summarized here  show t h e  ESEM spectroscopy coupled w i t h  n i t r o x i d e  probes can 
e f f e c t i v e l y  probe t h e  i n t e r n a l  and i n t e r f a c e  s t r u c t u r e  o f  s u r f a c t a n t  assembl ies l i k e  m i -  
c e l l e s  and v e s i c l e s .  Th is  exper imenta l  approach i s  p a r t i c u l a r l y  s e n s i t i v e  t o  changes i n  
t h e  degree o f  water  i n t e r a c t i o n  o r  p e n e t r a t i o n  i n t o  s u r f a c t a n t  assembly i n t e r f a c e s .  

Acknowledgement 
This  research  was supported by a g r a n t  f rom t h e  D i v i s i o n  o f  Chemical Sciences, O f f i c e  of 
Bas ic  Energy Sciences , O f f i c e  of  Energy Research, U .S. Department o f  Energy, 

REFERENCES 

1. 
2 .  
3. 
4. 
5. 
6 .  
7 .  
8. 
9. 
10. 

11. 
12. 
13. 

14. 
15. 
16. 

17 .  

18. 

19. 

20. 

21. 
22.  
23. 

24. 

L. Kevan, Acc t ,  Chem. Research. 1. 20 (19871. 
L. Kevan , . Chem. , 85, 16% (1981).  ' 

P.A. Narayana, A.S.W. L i  apd I.. Keuan, J. Amer. Chem. SOC., 103, 3603 (1981 
A.S.W. L i  and L. Kevan, J. Amer. Chem. SOC., 105, 5/52 
S. Hashimoto and J.K. Thomas, J. Amer. Chem. SOC., 105,(5230 (1983).  
P. B a g l i o n i  and L. Kevan, J Ph s 1, 16 m 8 7 ) .  
P .  Bag1 i o n i  and L. Kevan, e F a k d a i 5 T r a n s .  1, 84, 467 (1988). 
P. B a g l i o n i ,  E .  Rivara-Minten and L Kevan em., 92, 4726 (1988) 
P. S t i l b s ,  C o l l o i d  I n t e r f a c e  Sc i . ,  i(7, 385'(* (1983) 
A.A. Rokhlenco, T.S. Truksh ina ,  A.ATAbramzon, and K K .  S i r o t k i n , ' C o l l o i d  J 
(Engl . Trans1 ,) , 49, 192 (1987),  
W. Jahn and R. S t Z y ,  J Ph s Chem., 92 2294 (1988).  
Y , Ta 1 mon , Col 1 o i  ds , Su*~l98E;j, 
J. Oubochet, M. Adr ian ,  J. Tex ie ra ,  C.M. Alba. R .K .  Kadivala.  D.R. MacFarla 

1 983). 

. USSR 

ne and 

E. Sza jdz inska-P ie tek ,  R.Maldonc 

" L  

C.A. Ange l l ;  Ji,PPs.kChem. , 88, 6727 (1984): 
J.R, Be l l a re ,  
J.N. Ness and D.K. Moth. J. C o l l o i d  I n t e r f a c e  Sci.S=, 546 (1988) ,  

Chem., 89,  1547 (1985). 
E z a j c i n s k a - P i e t e k ,  R .  Maldonado, L, Kevan, R.R.M. Jones and M.J. Coleman, J- 
Am. Chem. SOC., 107, 784 (1985). 
R.R.M. Jones, R. Maldonado, E. Sza jdz inska-P ie tek  and L .  Kevan, J. Phys. Chem,, 90, 
1126 (1986). 

ane o and P . F .  Evans, Langmuir, 4, 1066 (1988). 

ido, L. Kevan, S.S. B e r r  and R.R.M. Jones, J. Phys. 

E. Sza jdz inska-P ie tek ,  R. Maldonado, L. Kevan and R.R.M. Jones, J .  C o l l o i d  I n t e r f a c e  
Sc i . ,  110, 514 (1986).  
P . a  l i o n i ,  R .  Bongiovanni ,  E. R ivara-Min ten  and L. Kevan, J. Phys. Chem., g, 5574 
(39893, 
C.  Ramachandran, S.  Vi jayan  and 0, Shah, J Ph s Chem 94, 1561 (1984). 
M. Zu lau f  and J.P. Rosenbush, J, Phys. C h m i 9 8 7 ) .  
R. T r i o l o ,  L.J. Magid, J.S. Johnson, J r .  and H.R. C h i l d ,  J. Phys. Chem., 86, 3689 
( 1982 1 . 
Thomas H i f f  and L a r r y  Kevan, J .  Phys. Chem. , 3, 1572 (1989).  




